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For many decades, the magnetic saturation of, e.g. hardmet-
als (HM) such asWC-Co-based cemented carbides, has been
used as process andquality control in industry to ensure con-
sistency of product properties. In an urge of replacing cobalt
as a binder phase, a demand on understanding themagnetic
response as a function of composition on the atomic scale is
growing. In this paper, a theoretical description of themea-
sured weight specific magnetic saturation of hard metals
as a function of the tungsten weight fraction present in the
cobalt binder phase, based on first-principle calculations,
has been established for standard WC-Co. The predicted
magnetic saturation agrees well with the experimental one.
Furthermore, it is proposed that the theoretical description
can be extended to alternative and more complex binder
phases which allows to transfer the production control to
those hardmetals.
K E YWORD S
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Hardmetals (HM) are widely used in industrial applications since 1920s due to their unique properties such as relative
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high hardness, toughness, and fatigue resistance. Hardmetals consist in their simplest andmost common form of a hard
phase, e.g. tungsten carbide (WC), and a ductile binder phase, e.g. cobalt (Co). The properties aremainly dependent
on their overall chemistry which itself determines the fraction of tungsten (W) and carbon (C) dissolved in the Co
binder phase after sintering. The fraction ofW and C solutes in the Co binder phase strongly affects the grain growth
and microstructure and, consequently, both the performance as well as the magnetic properties of the hard metal.
Therefore, magnetic saturationmeasurements are used in industry as a fast, reliable and non-destructivemethod to
assess consistency of properties and performance of hardmetals. More specifically, magnetic saturationmeasurement
is a means of locating hardmetals within the so-called carbonwindow in theW-C-Co phase diagram, i.e. in which only
the desired phases exist. Thesemeasurements are not only used as quality control in production, but they are equally
crucial for the control of several production processes aswell as in the development of compositions of new hardmetals.
However, a well-established relationship between the binder phase composition and the overall properties and per-
formance of hard metals is required to determine the location of samples within the carbon window. The accuracy
needed for estimating the C content from themagnetic saturationmeasurements for samples prepared under closely
comparable conditions is about 0.01 % [1]. Roebuck et al. [2, 3] assessed an empirical equation [4] describing the
relationship between the measured magnetic saturation of an insert and that of pure cobalt as a linear function of
the tungsten weight fraction dissolved in the Co binder phase. In this empirical equation, it was assumed that the
measured magnetic saturation is not affected by the dissolution of C in the Co binder phase [2, 3]. This assumption
seems realistic since the solubility of C in Co is very limited [5]. The success of the non-destructive measurement of
the magnetic saturation and the reliability of the empirical equation by Roebuck for production control is based on
decades of experience, the collection and comparison of a tremendous amount of experimental data including those
frommagnetic saturationmeasurements, materials analysis and performance testing. Gathering the required amount
of information is both expensive and time consuming. Furthermore, the empirical relationship is only valid for cemented
carbides consisting ofWC-Cowithout other alloying elements andwhenever a new alloying element is added to the
Co binder, a new empirical relationmust be established, again based on experimental data collection. Due to the ever
increasing requirements on quality and performance as well as on replacing Co as binder phase, a more fundamental
understanding of the magnetic properties of hard metals is imperative in order to speed up the process of finding
alternatives to Co as the binder phase. Thus, there is an urge to find amethod to transfer the existing quality control to
other binder phases. Recently, the current authors have developed such amethod based on the approach presented in
this work and applied it to a cemented carbide with FeNi binder [6, 7].
The aim of the presented work is to gain fundamental knowledge on the magnetic saturation of hard providing a
theoretical framework of the empirical equation of Roebuck by using first-principles calculations.
1 | THEORY
1.1 | Quantummechanics approach
In the hardmetal industry, the Cobalt magnetic saturation (Com), of aWC-Co hardmetal insert is normally determined
in accordance with the international standard (IEC 60404-14). The weight specificmagnetic saturation of theWC-Co
hardmetal insert (4piσHM ) is measured and compared to themagnetic saturation per unit weight of pure Co (4piσCo ).
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Based on above description, Com of aWC-Co hardmetal insert can be expressed as
Com =
4piσHM
4piσCo
=
(
MHM
mHM
)(
MCo
mˆCo
) (1)
whereMHM is the total magnetic moment of the hard metal insert,MCo is the total magnetic moment of a pure Co
reference material, mHM is the mass of the hard metal insert and mˆCo is the mass of the pure Co reference sample.
SinceMHM comesmainly from the Co binder phase. it is usualy close toMCo and, thus, the Com value of a hardmetal
insert is hence close to the weight fraction of Co in that hardmetal insert. However, since non-magneticW and Cwill be
dissolved in the Co binder phase during the sinter process according to theW-Co-C phase diagram, themeasured Com
value will always be below the true weight fraction of Co in the hardmetal insert. Moreover, since theW concentration
in the Co binder phase is closely related to the overall C weight concentration, Com provides an accuratemeasure of
the total C concentration in the insert. This fact is used to relate Com values to the binder phase composition as well as
themorphology and performance of hardmetals. For comparison of hardmetals with different Co binder contents, the
relative weight specific magnetic saturation, Com/Co(wt.%), is used. Co(wt.%) is the intended weight fraction of Co
binder phase in the hardmetal insert and can be expressed as
Co(wt .%) = mˆCo
mRef
(2)
where mRef is the mass of the hard metal with pure Co as binder phase. By using Equation 1 and 2 Com/Co(wt.%)
becomes
Com
Co(wt .%) =
MHM
MCo
mRef
mHM
=
MHM
NCo · µCo
mRef
mHM
(3)
with NCo and µCo being the total number of Co atoms and themagnetic moment of pure Co per Co atom, respectively.
Thus, Com/Co(wt.%) canbeunderstoodas ameasureof howmuch theweight specificmagneticmoment of the cemented
carbide is lowered by the dissolution ofW and C in the Co binder phase.
For the theoretical description of the relativemagnetic saturation of a hardmetal, only the binder phase needs to be
considered sinceWC is non-magnetic. We also follow the assumption by Roebuck et al. [2], that the dissolution of C in
the binder phase and its effect on themagnetic saturation is negligible so that the binder phase can be considered as a
Co -W alloy. We further assume that the alloy is a random solid solution without clustering ofW.
Themagnetic effect of the dissolvedW in Co can be derived as schematically depicted in Figure 1. Two calculations
are required. Firstly, a reference calculation with pure Co, and secondly, a similar calculation in which one Co atom is
changed to aW impurity. It is presumed that themagnetic moment of the Co atoms close to the dissolvedW impurity is
altered. This volume of Co atomswith alteredmagnetic moment is further denoted as a ”cloud” (Figure 1b). The total
change of themagnetic moment in the Co binder phase induced by aW solute is denoted as an effectiveWmoment
(µef f
W
). It is further assumed that the ”clouds” around individualW solutes are not overlapping as seen in Figure 1c. The
total magnetic moment of the Co binder phase is then determined by the total amount ofW solutes. By using Equation 1
and 2, Com/Co(wt.%) becomes
Com
Co(wt .%) =
NCo · µCo + N bW · µef fW
NCo · µCo
mRef
mHM
=
[
1 +
N b
W
NCo
µef f
W
µCo
] mRef
mHM
(4)
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F IGURE 1 Schematic of the theoretical approach to determine Com. (a) Themagnetic moment of the pure Co
binder is determined as the reference. (b) Themagnetic moment of the dilutely alloyed Co binder phase is determined.
Themagnetic effect of aW impurity in Co is illustrated as a ”cloud”, describing the volume of Co binder with a changed
magnetic moment. (c) Com is then determined by summing the appropriate amount of impurities for a certainW
concentration.
where Nb
W
is the number ofW atoms dissolved in the Co binder phase. In a first approximation, themass of the hard
metal sample measured can be written as mHM =mRef +NbW · mW . To convert Equation 4 into weight fraction ofW,
(wb
W
), dissolved in the Co binder phase, the following relation is used
w bW =
N b
W
· mW
NCo · mCo + N bW · mW
(5)
wheremW denote the atomic mass ofW. By re-writing Equation 5 to replace NbW divided by NCo in Equation 4we get
Com
Co(wt .%) =
(
1 −
[
1 +
mCo · µef fW
mW · µCo
]
·w bW
)
·
[ 1
1 − (1 − Co(wt .%)) ·w b
W
]
(6)
If only the Co-Wphase as alloy is considered as Roebuck et al. [2], Equation 6 is reduced to
Com
Co(wt .%) = 1 −
[
1 − mCo · µ
ef f
W
mW · µCo
]
·w bW (7)
To determine the change of themagnetic moment in the Co binder phase induced perW solute, µef f
W
, first-principles
F IGURE 2 Schematic of a 2 x 2 x 2 supercell structure consisting of 31 Co (blue) atoms plus one substitutionalW
(grey) solute atom.
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calculationswere performed by applying a supercell approach. In hardmetals, the Co binder phase is normally stabilized
in themetastable face-centered-cubic (fcc) structure (Figure 2a) and due to the symmetry of the fcc structure, all Co
atoms in the binder have the samemagnetic moment. The total magnetic moment of the supercell, representing the
binder, is given asMCo = ∑i µiCo with index i={1,NCo } and NCo is the total number of Co atoms in the supercell. To
calculate themagnetic moment of the Co binder phase with oneW solute (MCoW ), one of the Co atoms in the supercell
is substituted by aWatom (see Figure 2b) and the change in the totalmagneticmoment of the supercell, i.e. the effective
magnetic moment of aW solute in Co (µef f
W
), is given by
µef fW = (MCoW + µCo ) −MCo . (8)
The additional magnetic moment µCo in the first term in Equation 8 is themagnetic moment of the Co atomwhich was
substituted by aW atom in order to keep the amount of Co binder atoms constant.
1.2 | First-principles calculations
All first-principles calculations were performed using an all-electron projector-augmented wave (PAW) method as
implemented in the Vienna Ab initio Simulation Package (VASP) code [8, 9, 10]. The generalized gradient approximation
(GGA) [11]was used for treating electron exchange-correlation effects. A 2 x 2 x 2 fcc supercell comprising 32 atomswas
used for the calculations. For each supercell volume, the internal parameters were relaxed with a convergence criterion
for the electronic subsystem to be equal to 10−6 eV between two subsequent iterations, and the ionic relaxation loop
within the conjugated gradient method was stopped according to its Hellmann-Feynman forces [12, 13] when the
force on each ion was below 10−3 eV/Å. Brillouin zone sampling was performed using theMethfessel-Paxton smearing
methodwith SIGMA= 0.2 [14] and amesh of k-points centered at the Γ point was carefully chosen to achieve entropy
values below 1meV. To compensate for the lattice expansion due to the substitutional W atom in the supercell, the
lattice parameter wasmanually adjusted and themagnetic moment of the relaxed volume structure was determined.
The energy cut-off for plane waves included in the expansion of wave functions was set to 1.3 ENMAX. All calculations
were carried out at zero electronic and ionic temperatures.
TABLE 1 Calculatedmagnetic moment of pure Co per Co atom (µCo ), inducedmagnetic moment of theW atom
(µW ), the effectivemagnetic moment of aW solute (µef fW ) using first-principles calculations and the atomic mass of CoandW.
µCo [µB ] µW [µB ] µef fw [µB ] mCo [u] mW [u]
1.658 -0.545 -3.00 58.933 183.84
2 | RESULTS AND DISCUSSION
To verify the applicability and accuracy of our model, the calculated Com/Co(wt.%) are compared to the results found in
hot extruded Co-W-C alloys [2], i.e. noWC particles present (Co(wt.%) = 1). From the above described first-principles
calculations, the magnetic moment of Co per Co atom, µCo , the induced magnetic moment of theW atom, µW , and
the effectivemagnetic moment of aW solute, µef f
W
, have been calculated and summarized in Table 1. By applying the
calculated values given in Table 1 and the atomic mass of Co andW to Equation 7 the following theoretical expression
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for the change inmagnetic saturation as function of dissolved tungsten in the Co binder is obtained
Com
Co(wt .%)

T heor .
= 1 − 1.58 ·w bW (9)
The empirical equation for Com/Co(wt.%) by Roebuck et al. [2, 3] is given as
4pi · σB = 4pi
[
σCo − 0.275 ·w bW
] (10)
where 4piσB is defined as themeasuredmagnetic saturation of a Co-Wmetal alloy per unit weight. By assuming the
relation of Equation 10 for the binder in aWC-Co cemented carbide we get
Com
Co(wt .%)

Empi r .
= 1 − 1.71 ·w bW . (11)
For conventionalWC-Co hardmetals, i.e. not alloyedwith other metals, Com/Co(wt.%) are known to correspond to
about 0.70 and 0.98 for the η-phase limit, i.e. at highW concentration dissolved in the Co binder phase, and the graphite
limit, i.e. at lowWconcentration dissolved in the Co binder phase, respectively. For this range of Com/Co(wt.%), the
concentration of W in the Co binder phase ranges from about 16.1 wt.% and 1.4 wt.% according to WC-Co phase
diagram calculated using the Thermo-Calc software package [15] and the parameters from [16]. Com/Co(wt.%) values
for these limits were calculated using Equations 9 and 11 are presented in Table 2. In Figure 3, the calculated values for
TABLE 2 Weight concentration ofW dissolved in Co corresponding to carbonwindow, Com/Co(wt.%) calculated
using Equation 9 and 11.
Wwt.% Theor. Empir. Measured
1.4 0.978 0.976 0.93±0.01
16.3 0.742 0.721 0.705±0.005
Com/Co(wt.%) using Equation 9 and 11 together with the in Roebuck et al. [2] stated wb
W
are compared to the therein
published experimental Com/Co(wt.%) values.
It is verified that the calculated COM/Co(wt.%) based on our theoretical model are in good agreement with both
experimental values and Roebuck’s empirical relationship with only aminor discrepancy. This discrepancy is assumed to
be due to our approximations in themodel for the first-principles calculations, namely, neglecting the effect of dissolved
carbon, the possible presence of hcp Co in the Co binder phase is disregarded, the effect ofWC-Co interfaces on the
magnetic properties, and that a random solution of Co andWwithout overlappingmagnetic clouds is assumed.
To investigate the correctness of the assumption that the clouds are not overlapping, the volume of the ”cloud” of a
W solute, i.e. number of affected Co atoms in the supercell, has been determined by comparing themagnetic moment
of the Co atoms surrounding theW solute to the magnetic moment of pure Co per Co atom, counting all Co atoms
with a changedmagnetic moment of more than 0.08 µB . The ”cloud” of aW solute was then determined to comprise
the 12 nearest neighbour atoms, i.e. 1 out of 13 atoms. As a result, an absolute maximum for the approximation of
non-overlapping ”clouds” to be is 7 at.%, corresponding to about 19 wt.%, which is above the upper limit of the W
concentration in the Co binder phase, i.e. the η-phase limit of the carbonwindow. However, the random distribution of
W atoms in the alloy will lower this limit and possibly contribute to the difference between theory andmeasurement
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F IGURE 3 The calculated values for Com/Co(wt.%) using Equations 9 and 11 are compared to themeasured values
published in Roebuck et al. [2].
that we can see at high W concentrations in Figure 3. In the experimental results from Roebuck, the alloys had a
varying grain size andmorphology as function ofW content. Such variations may also influence themagnetic saturation
measurements and there was no such effect considered in the calculations.
In the case of cemented carbide, the other main effect that will change the calculated Com/Co is the magnetic
environments at theWC-Co interfaces. In a recent investigation, this effect was estimated for a FeNi based binder alloy
and it was found that themagnetic moments are lowered at the interfaces [6].
3 | CONCLUSIONS
First-principle calculations of themagnetic moment of Co and a randomCo-W solid solution alloys have been used to
develop a theoretical model to calculate Com/Co(wt.%) as a function ofWwt.% that can be applied to cemented carbide.
The comparison of experimental values and values determined using Roebuck’s empirical equation, verifies that our
approximations of non-overlapping ”clouds” in a random solid solution of Co-Wneglecting the effect of C dissolved is
acceptable for the given concentration range ofW and C in the Co binder phase. Therefore, our results provide reliable
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and sufficiently accurate prediction of Com/Co(wt.%) that can be used in production control. The theoretical description
of Com/Co(wt.%) can be expanded to other materials and phases by performing similar calculations that describes the
binder phase. In particular, the generalization fromCo-based binders to alternative binders of alloys, e.g. FeNi-based
binders, is possible due to the predictive power of first-principles calculations [6].
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